The interaction between mycophenolate (MPA) and quinolone antibiotics such as ciprofloxacin is considered to reduce the enterohepatic recycling of MPA, which is biotransformed in the intestine from MPA glucuronide (MPAG) conjugate excreted via the biliary system; however, the molecular mechanism underlying this biotransformation of MPA is still unclear. In this study, we established an in vitro system to evaluate β-glucuronidase-mediated deconjugation and examined the influence of ciprofloxacin on the enzymatic deconjugation of MPAG and MPA resynthesis. Resynthesis of MPA via deconjugation of MPAG increased in a time-dependent manner from 5 to 60 min in the presence of β-glucuronidase. Ciprofloxacin and phenolphthalein-β-D-glucuronide (PhePG), a typical β-glucuronidase substrate, significantly decreased the production of MPA from MPAG in the β-glucuronidase-mediated deconjugation system. In addition, enoxacin significantly inhibited the production of MPA from MPAG, while levofloxacin and ofloxacin had no inhibitory effect on MPA synthesis. Pharmacokinetic analysis revealed that ciprofloxacin showed a dose-dependent inhibitory effect on MPA production from MPAG via β-glucuronidase with a half-maximal inhibitory concentration (IC50) value of 30.4 µM. While PhePG inhibited the β-glucuronidase-mediated production of MPA from MPAG in a competitive manner, ciprofloxacin inhibited MPA synthesis via noncompetitive inhibition. These findings suggest that reduction in the serum MPA concentration during the co-administration of ciprofloxacin is at least in part due to the decreased enterohepatic circulation of MPA because of noncompetitive inhibition of deconjugation of MPAG by intestinal β-glucuronidase.
Introduction
Mycophenolic acid (MPA), the active metabolite of mycophenolate mofetil (MMF), has been introduced into immunosuppressive protocols after solid organ transplantation and against autoimmune diseases [1, 2] . MPA interferes with the de novo pathway of synthesis of purine nucleic acid through the inhibition of inosine monophosphate dehydrogenase and thus inhibits T and B cell proliferation [3] . MPA is a well-established prophylactic agent when used in combination with calcineurin inhibitors after kidney and pancreas transplantation and has largely replaced azathioprine in the immunosuppressive regimens for organ transplant recipients [4, 5] .
After oral administration, MMF is rapidly converted to MPA in the body and is excreted as the glucuronide conjugate (MPAG) in the urine and bile. MPAG excreted in the bile is subject to deconjugation in the small intestine, where it is converted back to MPA and therefore the resynthesized MPA is reabsorbed from the intestinal lumen (enterohepatic recycling). MPAG is thought to be cleaved by gram-negative and anaerobic gut bacteria, which express the β-glucuronidase enzyme. Enterohepatic recycling of MPA is indicated by the presence of "a second MPA peak" at approximately 6 to 8 h after dosing and by the recovery of MPAG in the bile of orthotopic liver transplant patients [6] . Antibiotics are indispensable for prophylaxis against an opportunistic infection in transplant patients who are administered immunosuppressive agents.
However, the use of antibiotics can be associated with a reduction in the second peak of MPA as a result of disruption of the normal intestinal flora, which possesses β-glucuronidase activity.
Schmidt et al. [7] reported a substantial reduction of 30 % in the area under the concentration-time -6 -curve (AUC) of MPA in 6 liver transplant recipients who underwent selective bowel decontamination with tobramycin and cefuroxime. Multivariate analysis performed by Borrows et al. [8] indicated that amoxicillin/clavulanate potassium (Augmentin), ciprofloxacin, and metronidazole are responsible for the trough level of MPA in 121 kidney transplant patients. In addition, the decrease in the MPA level (1.1 mg/L) in the course of 7 days of antibiotic therapy with ciprofloxacin or amoxicillin/clavulanic acid recovered on the third day after cessation of antibiotic therapy in the stable renal transplant patients [9] . These findings and backgrounds indicate that the variation in MPA pharmacokinetics cannot be explained only by disruption of the intestinal flora with antibiotics, and the presence of some other mechanism(s) should be clarified.
However, the molecular mechanisms underlying direct interaction between MPA and the antibiotics, which affect the pharmacokinetics of MPA, have not been proven thus far. The purpose of this study was to clarify the β-glucuronidase-mediated biotransformation of MPAG to MPA and explain that this mechanism may be a potential target of interaction between MPAG and antibiotics.
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Materials and Methods
MPA and phenolphthalein-β-D-glucuronide (PhePG) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Ciprofloxacin was kindly supplied by Mitsubishi Tanabe Pharma Co. (Tokyo, Japan). Levofloxacin and ofloxacin was a gift from Daiichi Sankyo Co. Ltd. (Tokyo, Japan). β-Glucuronidase was purchased from Oriental Yeast Co. Ltd. (Tokyo, Japan). MPAG was purchased from LC laboratories (Boston, MA). All other chemicals used were of the highest purity available.
Enzymatic assay of β-glucuronidase
Deconjugation of MPAG was performed using β-glucuronidase in a buffer solution. The composition of an incubation buffer was potassium phosphate buffer 75 mM with 1.0% (w/v) bovine serum albumin (pH 6.8) [10, 11] . The pH of the buffer was adjusted with potassium hydroxide (KOH) solution. The samples for enzyme assay experiments were preincubated with 230 µL of incubation buffer for 10 min at 25 °C. Then, 20 µL of the buffer containing β-glucuronidase was added to the incubation buffer for 30 s, and 50 µL of MPAG buffer was added followed by incubation for specified periods at 25 °C. Inhibitors were added to the incubation buffer during preincubation. The enzymatic reaction was stopped using methanol solution, and the sample was cooled in an ice bath for 20 min. The amounts of enzyme and temperature varied in experiments that were performed to determine the desirable conditions.
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Sample analysis
The MPA and MPAG concentrations were measured using modifications to previously published assays using HPLC (model LC-10A; Shimadzu, Kyoto, Japan) [12] . Standard curves were constructed with pure MPA (Sigma) and MPAG dissolved in methanol and added to MPA-free or MPAG-free phosphate buffer. For MPA and MPAG analysis, the samples (300 µL) were 850 µL of methanol mixed with the internal standard solution (indomethacin), and the solution was 
Statistical analysis
The kinetic parameters of maximum velocity (Vmax) and Michaelis constant (Km), were calculated by fitting the rate data to the Michaelis-Menten equation for single enzyme using -9 -regression curve plot (KaleidaGraph). The time course data of MPAG and MPA concentration (µM) were simultaneously fitted to a linear first-order degradation model for each of the three conditions (control, ciprofloxacin, and PhePG). The model equations are given as follows;
Eq. (2) where C(t) is the concentration of MPAG or MPA (identified by subscripts) at time t, C(0) is the concentration at time zero, k is the first-order degradation rate constant from MPAG to MPA, and MAX is the maximum concentration of MPA at infinite time. The values for C(0)MPAG, C(0)MPA, k and MAX were estimated by a least squares method using the Microsoft Excel solver tool.
Statistical significance of differences between mean values was calculated using the non-paired t-test. Multiple comparisons were performed using the Scheffé's F-test after analysis of variance (ANOVA). A p value less than 0.05 was statistically significant.
Results

Effect of β-glucuronidase concentration on the deconjugation of MPAG
We first examined resynthesis of MPA from MPAG dependent on the concentrations of β-glucuronidase in the potassium phosphate buffer. The MPA production gradually increased with an increase in the incubation time from 15 min to 60 min, and MPA production increased in a concentration-dependent manner of β-glucuronidase (Fig. 1) . In contrast to MPA resynthesis, the residual MPAG concentration in the reaction mixture decreased in the time-and enzymatic activity-dependent manner (data not shown). Based on these results and the technical limitation of quantitation by HPLC, the desirable incubation time and enzymatic activity for deconjugation by β-glucuronidase in the present study were set at 30 min and 0.066 U/mL, respectively.
Effects of coexistence of ciprofloxacin or PhePG on the production of MPA
We examined the effect of the coexistence of ciprofloxacin or PhePG on MPA production from MPAG. MPA production increased with an increase in the incubation time of 15, 30, 45, 60, and 90 min, but it was completely inhibited in the presence of either 500 µM ciprofloxacin or PhePG ( Fig.   2A ). The concentration of residual MPAG decreased slightly in the presence of 500 µM ciprofloxacin or PhePG (Fig. 2B) .
Influence of coexistence of levofloxacin, ofloxacin, or enoxacin on β-glucuronidase-mediated deconjugation of MPAG -11 -Next, we examined the influence of levofloxacin, ofloxacin, or enoxacin on β-glucuronidase-mediated deconjugation of MPAG at the same concentration as that used above (500 µM). Production of MPA from MPAG increased; however, MPA production markedly inhibited in the presence of PhePG, ciprofloxacin, and enoxacin, but not in the presence of levofloxacin and ofloxacin (Fig. 3) .
Effect of concentration of ciprofloxacin and PhePG on β-glucuronidase-mediated deconjugation of MPAG
Before calculating the half-maximal inhibitory concentration (IC50) values of ciprofloxacin and
PhePG on β-glucuronidase-mediated deconjugation activity by measuring the MPA production from MPAG, we examined whether β-glucuronidase-mediated deconjugation of MPAG follows the decrease in MPA production was much more in the presence of ciprofloxacin (30µM) (Fig. 6) .
The Eadie-Hofstee plot after correction of the nonsaturable components is shown in the inset in Fig. 6 . These results showed that PhePG inhibited the β-glucuronidase-mediated deconjugation of MPAG in a competitive manner, while ciprofloxacin inhibited it in a noncompetitive manner.
Least squares fitting by a linear model
Finally, we analyzed the time course data about the inhibitory potency of PhePG and ciprofloxacin against deconjugation of MPAG. In the model analysis, we set the parameters C(0) for MPAG and MPA because the concentration data at the starting time (t = 0) was not zero, and similar values were estimated for C(0)MPAG and C(0)MPA in all conditions, which were almost equal to the initial concentration of MPAG added into the experimental system. The estimated parameters were shown in Table 1 . The parameter MAX for PhePG and ciprofloxacin are much greater than the observed concentration at the last sampling time point (90min), indicating that the concentration of these compound increased almost linearly within 90min. The estimated values for MAX in all conditions were lower than the initial MPAG concentration, suggesting that deconjugation of MPAG into MPA were not complete and some compounds except MPA -13 -were suggested to be generated. The parameter k differs in ciprofloxacin and PhePG from control data, suggesting the deconjugation process was inhibited by these two conditions. The k values were around 4% (PhePG) or 3% (ciprofloxacin) of the parameter in the control condition, suggesting the deconjugation processes of the β-glucuronidase were inhibited by these inhibitors.
Discussion
MPA is frequently used in combination with calcineurin inhibitors and steroids to prevent rejection after organ transplantation. Shaw et al. [13] suggested that trough MPA levels between 1 and 3.5 μg/mL may reduce toxicity and acute rejection episodes after renal transplantation. If the serum MPA concentration is decreased because of interactions between some drugs, the risk of cellular rejection may also increase because of insufficient pharmacological effect. Borrows et al. [9] reported that the 12-h predose serum MPA concentration in renal transplant patients decreased during concomitant administration of ciprofloxacin. Because the enterohepatic recycling of MPA is initiated by the deconjugation of MPAG by endogenous bacteria in the small intestine, it is possible that decreasing the bacterial content using broad-spectrum antibiotic therapy will reduce the reuptake of MPA at the intestinal wall. β-glucuronidase is produced by gram-negative bacilli such as Escherichia coli, which are a part of the normal human intestinal flora [14] . Treatment with antibiotics must be able to effective against intestinal flora because E. coli is markedly sensitive to quinolone antibiotics such as ciprofloxacin and levofloxacin [15] . However, not every quinolone antibiotic affects the deconjugation of MPAG and enterohepatic circulation of MPA in organ transplant patients. We first created an in vitro model of intestinal bacterium-mediated deconjugation of MPAG and examined the effects of MPA production from MPAG via β-glucuronidase. In addition, we examined the effects of ciprofloxacin and PhePG on MPA production from MPAG. The MPA production by β-glucuronidase depends on the incubation time and β-glucuronidase concentration (Fig. 1) , and it is inhibited in the presence of PhePG and -15 -ciprofloxacin ( Fig. 2A) . Therefore, we suggested that ciprofloxacin affected the deconjugation of MPAG by direct inhibition of β-glucuronidase as well as elimination of the intestinal flora. In the in vitro deconjugation model, MPA production from MPAG was significantly inhibited in the presence of ciprofloxacin and enoxacin but not in the presence of levofloxacin and ofloxacin (Fig.   3 ). Levofloxacin and ofloxacin include a morpholine on a chemical structural formula and bearing a methyl group in the piperazine skelton. However, it is not observed similar features in the ciprofloxacin and enoxacin. Norfloxacin with clinical report also has a feature similar to the latter. Therefore, these structural features might relate inhibitory potency against β-glucuronidase.
The concentration of ciprofloxacin in the deconjugation model is much higher than its clinical dose used for infectious diseases and thus the results of this interaction cannot be extrapolated to a clinical scenario. Therefore, we examined the IC50 values of ciprofloxacin by measuring the production of MPA from MPAG to confirm whether such an interaction can occur in clinical practice. Our results showed that the IC50 value of ciprofloxacin was 30.4 µM (Fig. 5) , and the range of intestinal ciprofloxacin concentration was considered to be sufficient compared to that in patients taking ciprofloxacin [16] . MPA is mainly metabolized by uridine diphosphate glucuronosyltransferases in the gastrointestinal tract, liver and kidney into the inactive MPAG metabolite [17] . According to data of the pharmaceutical company, in MMF given to rats, approximately its 77.3 % and 21.0 % were excreted in bile and urine, respectively. The ratio of MPAG excreted in bile is 84.0 %, but MPA excretion into bile was less then 1.0 % of dose [18] .
-16 -MPA and MPAG are subject to enterohepatic circulation, which can account for up to 10 to 60% of the total dose-interval MPA area under the concentration time curve (AUC) [19] . Therefore, the inhibitory effect of ciprofloxacin on deconjugation of MPAG may influence the pharmacokinetics of MPA, because most of MPAG is supplied in gastrointestinal tract by bile flow. However, some in vivo examinations with animals and/or humans should be required to show the significance of the present results in future.
The interaction between ciprofloxacin and MPAG in a clinical setting was considered to decrease the serum concentration of MPA because of the reduction in MPAG deconjugation by intestinal E. coli-mediated inhibition of β-glucuronidase. In the present study, we clarified that ciprofloxacin-mediated reduction of deconjugation of MPAG was based on the direct inhibition of β-glucuronidase. Our results showed that the k value of β-glucuronidase-mediated deconjugation of MPAG decreased approximately 96 % in the presence of PhePG in a competitive manner (Fig. 6 , Table 1 ). On the other hand, the k value decreased to approximately 97 % in the presence of ciprofloxacin in a non-competitive manner, which suggested that the binding sites of ciprofloxacin and PheG on MPAG were not the same. In the present study, the reaction time of 30 min is not suitable to further discuss about the -glucuronidase activity for the less linearity in the time course experiment (Fig. 1) . However, the parameters (k and MAX) obtained in data analysis may be useful in the evaluation of inhibitors within the limitation of the present experimental condition. So, the examination using optimal conditions needs to determine the inhibition mechanism.
-17 -Recently, coadministration of co-amoxiclav in patients taking MMF after renal transplantation decreased the AUC of MPA in 2 patients, and the AUC of MPA returned to normal in 1 patient several days after discontinuation of co-amoxiclav [20] . The MPAG-antibiotic interaction varied with different drugs and in different patients; thus, factors other than inhibition of β-glucuronidase are also involved in decrease in MPA production. In addition, the coadministration intravenous ciprofloxacin in a patient receiving MMF after bone marrow transplantation decreased the AUC of MPA by one-third on day 8 than that on day 2, and the patient developed severe graft-versus-host disease and died [21] . Tanimura et al. [22] reported that a part of ciprofloxacin is excreted in the bile from the digestive tract.
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Conclusion
In conclusion, MPA pharmacokinetics may be affected in patients treated with oral or intravenous administration of ciprofloxacin by inhibiting the β-glucuronidase-mediated deconjugation of MPAG in the small intestine. In addition, some other drugs, which inhibit the intestinal deconjugation of MPAG by β-glucuronidase and thus decrease the MPA exposure, can be easily evaluated using the present in vitro system.
-21 - Phenolphthalein-β-D-glucuronide (PhePG), levofloxacin, ciprofloxacin, ofloxacin, and enoxacin were added to the incubation buffer during preincubation and incubation periods. After incubation, the levels of MPA and MPAG were measured. Each column represents the mean ± standard error (S.E.) of 3 experiments. ***p < 0.001 significantly different from control. -29 - The time course data of MPAG and MPA concentration (µM) were simultaneously fitted to the linear first-order degradation model for each of the three conditions (control, ciprofloxacin, and 
